The frequency distribution of a short interval period, the SIP distribution, obtained from the vibration of a structure that is excited by the force of non-stationary vibration is available for the robust estimation of the dynamic property of the structure. This paper shows experiments of the health monitoring of a model structure using the SIP distribution. Comparisons of SIP distributions with average DFT spectra are also shown.
Introduction
One of the major problems after an earthquake, which causes certain changes in the dynamic property of a structure, is the investigation of structural damage. In principle, we can check the change using a shaker to obtain the frequency response of a structure. However, it is difficult and not practical to shake a big structure before and after an earthquake to detect the change. Regardless of size or weight, all structures such as buildings, towers, and bridges are vibrating due to the natural force of winds, ground motions, or both. Information of the dynamic property of a building, for example, is comprised of the forced vibration of a structure. Changes of dynamic property reflect structural changes. Then, the problem is how to extract information from the vibration of structures.
It was shown by one of the authors that the frequency distribution of a short-interval period, the SIP distribution, of the forced nonstationary vibration corresponds to the frequency response of a structure [1] . In this paper, experiments of health monitoring of a model structure using its nonstationary vibrations are shown, where SIP distributions are used for detecting the changes of the dynamic property of a structure.
SIP Distributions
The discrete Fourier transform (DFT) is used in many disciplines to obtain the spectrum or frequency of a signal. The DFT produces reasonable results for a large class of signal processes. However, we do not use the DFT for detecting a short interval period because of its inherent limitation of frequency resolution [2] .
The dominant frequency or period of a short-interval sequence W(m)(m = 0, 1, . . . , M) can be given by the nonharmonic Fourier analysis [3] . In the process of the analysis, we put W(x) = W(m), where x = m − M/2, and obtain Fourier coefficients a( f ) and b( f ) for an arbitrary frequency such that Hence, if we put
we have the dominant frequency f p which satisfies
It should be noted that we attain a least squares fit of W(x) to a sinusoid by y(x, f p ). The SIP distribution is given by a number of dominant frequencies (or periods) of short sequences which are fractions of measured data. Thus, the normalized SIP distribution D( f p ) gives the probability of the dominant frequency f p found in measured data.
If we assume that a structure is excited by the force of random noise and assign the frequency f in (1) such that
where Δ f < 1/M, we have, from [1] ,
where 0 < Q i j (r) < 1 and S( f j ) is the power frequency response of a structure at a frequency f j and so on. Hence, we get an approximation
where k is an appropriate constant. It should be mentioned that the spectral resolution given by D( f n ) depends little on the length of the short sequence when M f n >1.
Experiment
To confirm the theoretical result shown by (6) and apply the SIP distribution to the health monitoring of a structure, experiments were made using a model structure. A model structure is a wooden framework (18(W)×22(D)×27(H)cm) which simulates a three-storied building with four struts.
The strength of this model structure (the model structure A) is changed by altering the struts, that is, the cross-section area of struts has a 25-percent decrease. This changed model structure (a model structure B) is assumed to be the damaged structure of the model A.
The frequency responses of the model structures A and B, which are difficult to measure in real cases, are shown in Figure 1 , where the power frequency response S A ( f ) and S B ( f ) are shown within the observation band.
The force of stationary random vibration as well as nonstationary one was applied to excite a model structure, and the acceleration of the structure was measured at the fixed point of the frame. The measured data were provided for the DFT analysis and SIP distribution.
We assume that the average spectrum of nonstationary vibration is a clutter one which varies slowly with time, so that we represent a nonstationary vibration as a set of random noise sequences each having a different clutter average spectrum; see Figure 2 .
The measured data sequence was divided into 2,400 short-interval sequences for the nonharmonic Fourier analysis to get a SIP distribution, that is, the dominant frequency of each sequence is given by the analysis of 60 sampled data. To compare the SIP distribution with the average of DFT spectra, the measured data sequence was also divided into 240 sequences, so that the DFT frequency, f n , is given by nF/600, where F is a sampling frequency. Corresponding to the DFT frequency, we put the frequency of the nonharmonic Fourier analysis (see (1) ) such that f = f n . Similarly, Figure 4 shows estimations of the power frequency response of the model structure B. We see that the SIP distribution is stable comparing with the DFT spectrum. Figure 5 shows the illustration of the health-monitoring of a structure using its nonstationary vibration, where the model structure A changes gradually from time 10 and comes to the structure B at time 20. The DFT spectrum 
Conclusions
A number of buildings, bridges, and towers have been constructed in past decades. Consequently, there are many decrepit structures which need to be reconstructed. One may remember the accident in Minneapolis, USA where thirteen persons were killed by the sudden collapse of an old bridge over the Mississippi. The health monitoring of structures is an important mean for security against such an accident. The method described in this paper might be available. Further Advances in Acoustics and Vibration 5 experiments using a real bridge, for example, will confirm the proposed method, though it will take decades.
